Lithium-sulfur batteries are amongst the most appealing choices for the next generation large-scale energy storage applications. However, these batteries still suffer several formidable performance degradation issues that impede its commercialization. The lithium negative electrode yields high anodic capacity, but it causes dendrite formation and raises safety concerns. Furthermore, the high reactivity of lithium is accountable for electrolyte decomposition. To investigate these issues and possible countermeasures, we used ReaxFF reactive molecular dynamics simulations to elucidate anode-electrolyte interfacial chemistry and utilized an ex-situ anode surface treatment with Teflon coating. In this study, we employed Li/SWCNT (single-wall carbon nanotube) composite anode instead of lithium metal and tetra(ethylene glycol) dimethyl ether (TEGDME) as electrolyte. We find that at lithium rich environment at the anode-electrolyte interface, electrolyte dissociates and generates ethylene gas as a major reaction product, while utilization of Teflon layer suppresses the lithium reactivity and reduces electrolyte decomposition. Lithium discharge from the negative electrode is an exothermic event that creates local hot spots at the interfacial region and expedites electrolyte dissociation reaction kinetics. Lithium-sulfur batteries has received profound attention in the rechargeable energy storage technology due to its tremendously high energy density, environmental friendliness, abundance, and lowcost.
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1,2 Although Li-ion batteries are now ubiquitous in consumer electronics, their practical capacity is still inadequate for the electric vehicle (EV), and large scale renewable energy storage systems. 3 Li-S redox-couples are deemed the most promising to meet future energy storage demands, since theoretical capacities of Li and S are 3860 and 1672 mAhg −1 , respectively. 2 In spite of all these advantages, commercialization of Li-S batteries is plagued owing to severe shortcomings in prolonged life-cycle retention. High electrochemical potential of sulfur cathode entails Li anode for practically realizable energy density. 4 The use of metallic lithium anode is still problematic due to its low cycling efficiency, deleterious dendrite formation, and safety concerns. 5 During charging, lithium ion reduced at the anode surface and deposit as metallic phase. Thus, dendrite like structure grows and further penetrates through the separator, leading to short circuit and thermal runaway. 6 Moreover, dissolved polysulfide anions migrate through the electrolyte by wellknown "shuttle mechanism" and react at the anode surface to form insoluble sulfides (Li 2 S and Li 2 S 2 ) and these sulfides develop a passivation layer onto bare lithium surface. This insulating layer hinders lithium access to the anode, increases internal cell resistance resulting in poor rate-capability. 7, 8 Furthermore, the chemical potential of the lithium is higher than the lowest unoccupied molecular orbital (LUMO) of commonly used organic liquid electrolytes. 9 During charging, freshly deposited lithium on anode surface is extremely reactive and can react with most of the organic electrolytes. Therefore, electrolytes can be reduced at the Li anode, hence the reaction products may form a solid electrolyte interphase (SEI) in between electrolyte and anode. 5 SEI allows transportation of Li-ions but suppresses electron transfer and thus it prevents further anodic reactions. 5 However, such a stable SEI formation is not commonly observed in most available ether type electrolytes. Therefore, to improve the performance of Li-anode, both ex-situ and in-situ treatments are reported in the literature. One ex-situ approach to abate * Electrochemical Society Active Member.
z E-mail: acv13@psu.edu the associated problems with the lithium metal anode is to introduce a Li-ion penetrable passivation layer in between electrolytes and anode surface to isolate highly reactive Li-anode from electrolyte solvents and polysulfides. Li-ion conducting passivation layer using Li 3 N, 10 Li 2 CO 3 , 11 LiPON, 12 and UV cured polymerization 13 have been previously studied. These protective thin films inhibit lithium reactivity and corrosion by polysufides; however, their fabrication process is costly. 14 Recently, in-situ protective layer formation during cell operation using LiNO 3 additives in electrolyte has been investigated. 14, 15 LiNO 3 exhibits promising performance in protecting Li-anode via formation of a SEI layer, however, it may reduce at the carbonaceous surface of the cathode. These irreversible reduction products affect reversibility and capacity of Li-S batteries. Moreover, continuous growth of passivation film with the consumption of LiNO 3 has detrimental effect on Li-anode performance. 15 Li-S battery electrolytes should comply with the requirement of high ionic conductivity, low viscosity, good polysulfide solubility, electrochemical stability with lithium metal electrodes, and safety. 16 Ether based electrolytes show highest polysulfides solubility and expedite electrochemical activity of sulfur reactions. 17 Although organic carbonate solvents, such as ethylene carbonate (EC), propylene carbonate (PC), di-methyl carbonate (DMC) are prevalent in commercial Li-ion batteries, these are not used in Li-S batteries due to their reactivity with the soluble polysulfides. Myriads of experimental studies have been conducted on the electrochemical properties of various electrolytes in Li-S batteries, such as tetra(ethylene glycol) dimethyl ether (TEGDME) 1, [18] [19] [20] [21] [22] [23] [24] , poly(ethylene glycol) dimethyl ether(PEGDME), 25 tetrahydrofuran(THF), 20 1,2-dimethoxyethane (DME), 26 1,3-dioxolane(DOXL). 21, 27, 28 Especially, TEGDME has been reported as a good liquid electrolyte because of high discharge capacity at room temperature. 19, 20, 29, 30 However, to address the issues attributed to the current Li-S battery technologies, more profound understanding of the electrodeelectrolyte interface, electrolyte dissociation chemistry, and morphology changes of electrodes during cell operation are required. Atomic and molecular level insights can effectively enlighten the underlying intricate chemistry and the limitations in the current experimental approaches. In this study, we used ReaxFF reactive molecular dynamics simulations to elucidate anode-electrolyte interfacial chemistry and 31 investigated reactions of singly reduced EC and S.-P Kim et al. 32 studied SEI formation in Li-ion batteries. Although Li-metal anode is most prevalent in experimental Li-S batteries, in this study, in lieu of lithium metal anode, we used Li/SWCNT composite in order to preclude dendrite formation. In comparison with the Li intercalated graphite anode (LiC 6 , corresponds to the capacity of 372 mAhg −1 ), recent experiments reported higher lithium capacity in Li/SWCNT anode (Li 1.6 C 6 , corresponds to the capacity of 600 mAhg −1 ). 33 Capacity reduction due to the usage of Li/SWCNT composite material instead of lithium metal might be an acceptable trade-off among improved cell-life, performance, and safety. It is known that the performance limiting parameter in state-ofthe-art lithium batteries is the lower capacity of the cathode materials.
In addition, to control lithium reactivity, we employed a polytetrafluoroethylene (PTFE) or Teflon monolayer at the anode surface. Previously, Chang et al. 34 studied Teflon coated lithium anode to protect it from lithium dendrite formation. We investigate if the presence of Teflon can significantly scale down lithium reactivity with the TEGDME resulting in less electrolyte decomposition. We also report electrolyte dissociation pathways upon interaction with the lithium ion.
ReaxFF Background
ReaxFF is a general bond order 35, 36 (BO) based empirical force field method which allows bond breaking and formation during simulations. In ReaxFF, forces on each atom are derived from the following energy expression E system = E bond + E over + E under + E lp + E val + E tor + E vdWaals + E Coulomb where partial energy contributions include bond, over-coordination penalty and under-coordination stability, lone pair, valence, and torsion, non-bonded interactions van der Waals, and Coulomb energies, respectively.
BOs are calculated from the interatomic distances, which act as a key component for all the bonded interactions and it is updated in every iteration. Since, all the connectivity dependent interactions, i.e. valence and torsion energy are BO dependent, their energy contribution diminishes upon bond breaking. In non-reactive force fields, non-bonded interactions i.e. van der Waals and Coulomb are usually calculated between atom pairs that are not involve in a bond or not sharing a valence angle. However, in reactive environments atomic connectivity changes during simulation and it is awkward to setup such exclusion rule, therefore, in ReaxFF non-bonded interactions are calculated between all the atom pairs irrespective of their connectivity. Any excessive short distance non-bonded interactions are circumvented by using a shielding term in the van der Waals and Coulomb energy expressions. To eliminate any discontinuity in the non-bonded interaction energies, a seventh order taper function is employed. 37 A geometry dependent charge calculation scheme, Electronegativity Equalization Method (EEM) 38 is used for charge calculation. For a more detailed description of the ReaxFF method, see van Duin et al., 39 Chenoweth et al., 40 and Russo Jr. et al.
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Force Field Development
We began our force field development for describing C/H/O/S/Li/F interactions by merging previously published parameters. C/H/O/S and Li parameters were adopted from Castro-Marcano et al., 42 and Bedrov et al., 31 respectively, and fluorine parameters were developed based on the training set as described by Paupitz et al. 43 In this work, we performed additional force field training against quantum chemistry (QC) calculations for describing bond dissociation, equation of state for Li-F interaction, and Li-binding energies on electrolyte molecules. A successive one-parameter parabolic extrap- olation method 44 was used for fitting ReaxFF parameters against QC data.
Non-periodic QC calculations presented in this work were carried out in the Jaguar 7.5 program 45 using density functional theory (DFT) with the B3LYP 46, 47 hybrid functional and the 6-311++G** basis set. SeqQuest code (version 2.61j) 48 was employed for the periodic calculation using a Gaussian-based linear combination of atomic orbital method and double -ξ plus polarization 49 with Perdew−Becke−Ernzerhof (PBE) generalized gradient approximation. 50 For more details regarding these DFT calculations, please refer to Ref. 51 .
To parameterize ReaxFF bond energy data, we carried out QC calculations on Li-F bond dissociation in a LiF molecule. Figure 1a shows the comparison of the ReaxFF and QC results. In this case, we constructed ground state geometries through full geometry optimization. In order to obtain dissociation profiles, bond restraint was applied in the atom pair of interest during geometry relaxation. Bond distances were varied from 1.45 to 9 Å. ReaxFF nicely reproduces full dissociation profile and in particular, near the equilibrium region it is in excellent agreement with the QC values.
Equation of state calculation was performed on LiF simple cubic crystal to obtain energy-volume relationships. Both compression and expansion with respect to the equilibrium volume were applied on the geometry and the QC energies were calculated at different volumes. In fitting procedure, the energies from the ReaxFF and QC optimization of each corresponding volumes are compared. Figure 1b. We find that the ReaxFF method gives a proper description of the overall energy landscape in comparison with the QC method. Furthermore, force field parameters were also trained for the Li-binding energies in N,N dimethylacetamide (DMA) and N,Ndimethyltrifluoroacetamide (DMTFA) electrolytes at their different charged states. Table I represents the data obtained from the ReaxFF and QC method. In first case, neutral lithium atom binds with a cluster comprises of four neutral DMA molecules, and in second case, Li cation binding energy was calculated for the positively charged DMA cluster. Neutral Li binding energy with the neutral cluster of four DMTFA molecules was also calculated. Binding energies are calculated by subtracting individual energies of Li-atom and electrolyte cluster from the Li-bound electrolyte composition energies. In all these cases, ReaxFF energies are in excellent agreement with the QC data that demonstrates the capability of the ReaxFF method to describe Li-electrolyte interactions.
Simulation Methodology
We utilized our developed ReaxFF reactive force field to set up full lithium-sulfur battery simulations. The Li/SWCNT anode was coupled with the α-sulfur cathode material and TEGDME was used as electrolyte. The anode was prepared by adding lithium atoms in (5,5) chirality armchair configuration SWCNT at a ratio close to LiC 6 . Nanotube strands were placed facing their open ends toward the electrolytes. To prepare the electrolyte geometry, 54 TEGDME molecules were randomly placed in a large simulation box. An NPT (isothermal, isobaric) simulation was performed to compress the volume of the simulation cell to obtain room temperature density of the electrolyte as well as to get the periodic box dimension so that it matches with the periodic cell dimension. This simulation was carried out at 300 K temperature and at 100 MPa pressure. A Berendsen thermostat and barostat 52 were employed to regulate the temperature and pressure of the system with damping constants of 100 fs and 5000 fs, respectively, and MD time step was 0.2 fs. For the first set of simulations, we placed Li/SWCNT anode, TEGDME electrolyte and α-sulfur in a simulation cell with periodic boundary condition in two directions (i.e., y and z) and the direction perpendicular to the electrode surface is set as non-periodic boundary. A fixed graphene wall is used in the non-periodic dimension parallel to the electrodes to prevent escaping of lithium and other generated species during MD simulations. The wall reflects back the generated species to the simulation cell. The cathode was comprised of α-sulfur with a dimension of (1 × 3 × 1 a o 3 ). Simulation snapshot is shown in Figure 2a .
In the second set of calculations, in order to reduce lithium reactivity, a monolayer consists of short-chain Teflon was utilized as anode surface coating. Total number of atoms in the system with or without Teflon was 3684 and 3484, respectively.
For both systems, the simulation procedure began with the relaxation of the entire system using a low-temperature MD simulation. Next, 300 K MD simulations were performed in the NVT (isovolume, isothermal) ensemble using a temperature damping constants of 100 fs and a MD time step of 0.20 fs.
However, in this manuscript, we are focusing only on the anodeelectrolyte interface and electrolyte dissociation chemistry while leaving lithium-sulfur interaction for a future publication.
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Results and Discussion
Li-SWCNT/TEGDME/Sulfur simulation.-During anodic discharge NVT-MD simulations at 300 K, lithium atoms release from the SWCNT with positive charge (> 0.5e) and interact with the TEGDME electrolytes. It was observed that release of Li from the SWCNT is a highly exothermic event. The exothermic heat flow causes local heating and increases anode-electrolyte interface temperature substantially. This high temperature enhances reaction kinetics of the lithium interaction with the electrolyte resulting in dissociation of the TEGDME molecules. Major reactive events take place within first few picoseconds of the simulation, when electrolyte dissociation generates various species. Once the highly energetic lithium atoms transfer their energy to the neighboring electrolyte molecules they become less reactive. As the dynamics proceeds, local hot spots dissipate heat to the surrounding regions and gradually overall system temperature stabilizes to 300 K, and no significant reactive events are observed at 300 K equilibrated temperature regimes. Figure 2b -2d represents temperature distribution in the simulation cell at different time steps. These contour plots are constructed by taking an average of the atomic temperature in 10 × 10 Å grids (in x and y direction) over 1 ps duration. These figures displays high temperature regions at anode-electrolyte interface during initial stages of lithium discharge from the SWCNT. However, as system equilibration proceeds, local hot spots disappear and temperature distribution at 300 ps exhibits more uniform temperature in the simulation cell. It was observed that no noticeable local hot-spots were present after 50 ps. Figure 2e displays system temperature profile with time during the simulation. We note that the peak temperature in the simulation, averaged over the full simulation box, is ca. 420 K because of the fast electrolyte dissociation reactions at about 1 ps. This system temperature is comparable with the experimentally measured temperature range of 443-573 K due to the violent reactions between lithium and electrolyte in Li-ion batteries. 54 We investigated the dissociation pathways of a TEGDME molecule upon interaction with the lithium ions. To study these reaction pathways, we randomly placed one TEGDME molecule and six lithium atoms in a simulation cell and run NVT-MD simulation at 300 K for 1 ps. TEGDME dissociation reactions with Li are exothermic and reactions occurred very rapidly within about 0.75 ps. One of the reaction pathways are shown in Figure 3a Figure 3f shows the potential energy profile during TEGDME dissociation reactions.
However, the type of reaction products generated in this single-TEGDME simulation is contingent on the number of lithium atoms that are interacting with the TEGDME molecule. Cleavage of two consecutive C-O bonds through lithium interaction releases C 2 H 4 gas as a reaction species. CH 3 radical formation was observed through the terminal C-O bond dissociation, however, we did not notice formation of any ethane gas via combination of two methyl radicals. Rather, CH 3 radical occasionally reacted with the lithium atom and forms LiCH 3 . Near the anode surface, at high lithium concentration region, TEGDME molecule undergoes multiple lithium induced C-O bond breaking reactions, resulting in higher number density of trapped ethylene gas. Electrolyte dissociation further from the anode surface, where Li concentration is lower, typically produces higher order alkoxy lithium (R-O-Li). In this simulation, Li x O (x = 2,3,4) was not observed as a stable species rather it survived only about few hundred femtoseconds, and sometimes combined with the available CH 3 radical to form lithium alkoxide. However, in contrast with the terminal C-O bond, intermediate C-O bond cleavages were detected at higher frequency resulting in the large number of C 2 H 4 formed compared to lithium alkoxides. Figure 4 shows the statistics of the major reaction products, C 2 H 4 and TEGDME during the MD simulation. Other species with lower concentration than the major reaction products, and which survived for only a short residence time, were excluded from this analysis. As shown in this figure, TEGDME dissociation and ethylene gas formation reactive events are observed until approximately 50 ps. These results are correlated with our previous observation, which shows no significant local heating occurred at about 50 ps or subsequent time steps.
The lithium ion density in our simulations is higher than the practical lithium ion density during charging and discharging. In experimental studies, typical Li ion concentration in the electrolyte is ca. 1-1.2 M, 1,21 whereas in our simulation, the interfacial lithium ion concentration was about 10 M, which is accountable for de-stabilizing the electrolyte and fast dissociation chemistry. Li-concentration distribution as function of both cell length and time is shown in Figure 2f . In this surface plot, first peak indicates the lithium concentration in the SWCNT anode at the beginning of the simulation. The spatial variation in the lithium concentration is contingent on the lithium diffusion through the electrolyte, and after initial release of the lithium atoms from the anode, no significant concentration variation is observed with the time. Our overall observations on electrolyte chemistry are (i) high energetic lithium released from the Li/SWCNT anode causes local heating and thus expedite TEGDME decomposition chemistry, (ii) higher lithium concentration facilitate cleavage of multiple C-O bond leading to formation of more ethylene gas. However, for the prolonged life cycle of Li-S batteries, it is essential to inhibit electrolyte loss via dissociation. Furthermore, gas formation during battery cycling leads to the internal pressure buildup and potential safety concerns. To approach this issue, we discuss an ex-situ anodic surface treatment approach in the next section.
Li-SWCNT/Teflon/TEGDME/Sulfur simulation.-In the previous section, we discussed high lithium reactivity induced electrolyte destruction. To reduce lithium reactivity, improve electrolyte stability, and concomitantly allowing Li-ion diffusion through the anodeelectrolyte interfaces, a porous Teflon coating was used. Teflon is a fluor-carbon polymeric compound with high chemical stability and melting point. A mono-layer of Teflon is chosen for this simulation because multiple layer of Teflon will reduce the lithium diffusivity, and within the given MD time scale, lithium-electrolyte interaction may not be achievable. In this 300 K NVT-MD anodic discharge simulation, highly energetic lithium atoms that are released from the anode by an exothermic process, at first interact with the Teflon coating. Then Li dissipates its energy through transferring heat to the Teflon, and then relatively non-reactive diffusion of lower energy Li occurs through the electrolyte. Teflon effectively withstands high heat flow at the anode-electrolyte interfacial region and reduces subsequent electrolyte decomposition reactions. Figure 5a shows the simulation snapshot and 5b-5d displays two-dimensional contour plots for the temperature distribution in the simulation cell. These contour plots were drawn following the same procedure as described in the previous section. Interfacial temperature distribution in this case is analogous to the non-Teflon case and the system temperature profile with time as shown in Figure 2e and 5e has an identical high temperature peak during the simulation that indicates system undergoes similar level of exothermic process. The high temperature region in the contour plots described in Figure 2b and 5b for without and with Teflon case, respectively, occurs at the identical spatial region, however, in with-Teflon case this region is occupied by the Teflon coating rather than the electrolyte. Therefore, lower temperature is observed past the Teflon layer that yields improved electrolyte stability. Distribution of Li-concentration in both spatial direction and time is shown in Figure 5f . Usage of Teflon layer demonstrates a notable improvement in electrolyte stabilization, which can be represented by the number of electrolyte molecules dissociated during this simulation. As shown in Table II , number of dissociated TEGDME and generated C 2 H 4 molecules significantly decreases with the usage of Teflon coating. We also studied lithium-Teflon interaction chemistry. C-F bond energy in isolated Teflon is 128 kcal/mol, 55 while in the lithium rich environment, we calculated C-F bond energy as about 30 kcal/mol. Therefore, in presence of local hotspots, we observed a few C-F bond breaking in Teflon with subsequent formation of LiF. Moreover, perforated Teflon coating can also prevent precipitation of insoluble and insulating polysulfides, such as Li 2 S 2 , and Li 2 S on the anode surface, while maintaining sufficient lithium diffusion through the coating.
Conclusions
In summary, we performed ReaxFF reactive molecular dynamics simulations to investigate the anode-electrolyte interfacial chemistry of Li/SWCNT anode and TEGDME electrolyte. We developed a ReaxFF interatomic potential through parameterization against a set of QC data for describing electrode-electrolyte interfacial chemistry. In our anodic discharge simulations, lithium ions release from the anode by an exothermic reactive process and their interaction with the electrolyte causes decomposition of a number of electrolyte molecules. We observed that lithium concentration in the electrolyte plays an important role in the reaction products distribution and electrolyte consumption. At high lithium concentration region near the anode surface ethylene gas is found as a major reaction product. Electrolyte decomposition and subsequent gas formation has a detrimental effect on battery performance. Therefore, to circumvent electrolyte dissociation, we incorporated an ex-situ anode surface treatment with porous Teflon coating. Utilization of the Teflon coating dampens high reactivity of the anode discharged lithium ions and thus minimizes electrolyte destruction resulting in improved electrolyte stability.
Finally, the large scale reactive molecular dynamics (RMD) simulations performed using ReaxFF is a step toward the fundamental understanding of the electrode-electrolyte interfacial chemistry at the atomic or molecular level. RMD simulations can assist to complement the analysis of experimental results on interfacial phenomenon and to explore SEI formation mechanism using mixture of different electrolyte solvents and additives for developing high performance Li-S batteries.
